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Summary
Because microtubules perform many essential functions in
neurons, delineating unique roles attributable to these
organelles presents a formidable challenge. Microtubules
endow neurons with shape and structure and are required
for developmental processes including neurite outgrowth
[1], intracellular transport [2], and synapse formation and
plasticity [3, 4]; microtubules in sensory neurons may be
required for the above processes in addition to a specific
sensory function. In Caenorhabditis elegans, six touch
receptor neurons (TRNs) sense gentle touch [5] and
uniquely contain 15-protofilament microtubules [6]. Disrup-
tion of these microtubules by loss of either the MEC-7
b-tubulin [7] or MEC-12 a-tubulin [8] or by growth in 1 mM
colchicine causes touch insensitivity [5, 6], altered distribu-
tion of the touch transduction channel, and a general
reduction in protein levels. We show that the effect on touch
sensitivity can be separated from the others; microtubule
depolymerization in mature TRNs causes touch insensitivity
but does not result in protein distribution and production
defects. In addition, the mec-12(e1605) mutation selectively
causes touch insensitivity without affecting microtubule
formation and other cellular processes. Touching e1605
animals produces a reduced mechanoreceptor current that
inactivates more rapidly than in wild-type, suggesting a
specific role of the microtubules in mechanotransduction.
Results and Discussion
Microtubules and Protein Localization
Mechanoreceptor channel complexes tranduce mechanical
stimuli in the six TRNs (ALML/R, PLML/R, and AVM/PVM) [9].
Normally, these complexes are distributed in regular puncta
along the TRN axons (Figure 1A) [10–12]. Previous work found
that mec-7 and mec-12 mutations affect puncta distribution
but not formation [13, 14].
We reexamined the role ofmec-7andmec-12on the localiza-
tion of channel complex puncta by using several more muta-
tions in these genes and an antibody to the auxillary channel
protein MEC-2 (Table S1 available online). Recessive null muta-
tions ofmec-7 (u142,u440, andu443) disrupted the distribution
of MEC-2 puncta to a limited degree. In these animals, MEC-2
puncta were weaker and more dispersed, particularly in the
middle of the neuronal process (Figure 1B). In contrast, domi-
nant mec-7 mutations had a greater effect on the distribution
of MEC-2 puncta. Specifically, mec-7(u18) and mec-7(u283)
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Piscataway, NJ 08854, USAanimals had MEC-2 puncta restricted to the most proximal
part of the process (Figure 1B). These data suggest that wild-
type MEC-7 has a modest role in the distribution of the puncta.
Specific missense mutations in mec-7, however, can disrupt
this distribution, perhaps by affecting the function of all TRN
microtubules.
mec-12 mutations also affected MEC-2 distribution. Unlike
mec-7, no early truncation or nonsense alleles are known for
mec-12; all known alleles are missense mutations [8, 14]. One
probable null allele is mec-12(e1607), a recessive missense
mutation that eliminates the 15-protofilament microtubules in
the TRNs [15]. MEC-2 distribution in e1607 animals is similar
to that in mec-7 null mutants. In contrast, mec-12(u241), a
dominant mutation that eliminates the large-diameter microtu-
bules, results in a more severe phenotype similar to dominant
mec-7 mutations (Figure 1C).
In summary, absence of the large-diameter microtubules re-
sulting from loss of mec-7 or mec-12 results in a weak MEC-2
distribution phenotype. The nonresponsive TRNs in these
animals, however, still develop and extend processes contain-
ing the 11-protofilament microtubules seen in other C. elegans
cells [6]. The weak defect may be due to the ability of the
11-protofilament microtubules to allow transport to a modest
degree. In contrast, dominant alleles of these genes produce
more severe distribution phenotypes. These dominant muta-
tions appear to cause the disruption of both types of microtu-
bules, as evidenced by immunostaining with 6-11B-1, an
antibody against acetylated a-tubulin, a marker for stable
microtubules [16] (Supplemental Results and Figure S1). These
results argue that a more complete loss of microtubules greatly
restricts MEC-2 puncta distribution.
To examine the effects of total microtubule loss, we grew
animals on 1 mM colchicine, which produces touch insensi-
tivity by selectively depolymerizing all microtubules in the
TRNs [6]. (Because the TRNs form in the embryo and colchicine
does not appear to permeate the eggshell, the cells in treated
animals have neuronal processes.) MEC-2 antibody staining
is restricted to the most proximal parts of the TRN axon in
adults that have been grown on colchicine from hatching
(Figure 1D). This result supports the idea that all TRN microtu-
bules must be eliminated or compromised for the severe distri-
bution defects.
Microtubules and Touch Sensitivity
Elsewhere (A.B., L. Emtage, and M.C., unpublished data) we
will describe the finding that loss of TRN microtubules also
results in a reduction in overall protein levels; both TRN-
specific and nonspecific protein levels decrease in TRNs under
these conditions. This reduction in protein levels and/or
the disruption of protein localization described above may
contribute to the resulting touch insensitivity caused by muta-
tion of mec-7 or mec-12 or treatment with colchicine. A more
direct role in mechanosensation for the TRN microtubules,
however, is suggested by our finding of conditions under which
defective microtubules cause touch insensitivity without
demonstrably affecting these other activities.
An independent effect on mechanosensation can be seen
when microtubules are depolymerized in adults, i.e., after their
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been fulfilled. Previous attempts to disrupt microtubules in
adult TRNs failed because neither temperature shifts of
temperature-sensitive alleles nor colchicine treatment affected
adults, the latter presumably because the adult cuticle pre-
vents absorption of the drug [6]. We have overcome these
difficulties by usingbus-17animals, which lack a glycosyltrans-
ferase needed for cuticle integrity and are more permeable to
drugs [17, 18].
Young bus-17 adults become touch insensitive when placed
on 1 mM colchicine (Figure 2A). Adults treated for 24 hr were
partially touch insensitive, responding to 7.3 6 0.3 out of 10
touches, compared to 9.1 6 0.2 for untreated animals at the
same age (mean6SEM; n = 20 for all conditions). Adults treated
for 48 hr were much more touch insensitive, responding to 3.36
0.4 touches; untreated animals responded to 9.260.2. Microtu-
bules were disrupted in the treated adults, as shown by the fact
that immunostaining against acetylated a-tubulin was reduced
and fragmented (Figure 2B). In contrast, the intensity and distri-
bution of MEC-2 puncta were unaffected by this late colchicine
treatment (Figure 2B). The intensity of expression of the TRN-
specific proteins MEC-18 and MEC-17::GFP (G. Gu, S. Zhang,
and M.C., unpublished data and [19]) was unaffected in colchi-
cine-treated bus-17 adults (Figure 2C; Figure S2). In some
animals the expression of MEC-18 was not continuous
(Figure 2C). We do not know what the breaks in the staining
indicate, because the MEC-17::GFP fluorescence showed that
the processes were intact. Thus, late colchicine treatment
produces touch insensitivity without a major impact on protein
transport or expression, suggesting that the microtubules have
a separable role in mechanosensation in these cells. An alterna-
tive hypothesis is that late colchicine treatment interferes with
the expression or transport of a specific protein or proteins
needed for touch sensitivity in adults, but these changes are
obscured by earlier expression and transport.
Figure 1. TRN Microtubules Are Required for Intracellular Transport
MEC-2 puncta distribution in the process of the ALM TRN in (A) wild-type,
(B) three mec-7 mutants, (C) two mec-12 mutants, and (D) an animal grown
in 1 mM colchicine for several generations. Scale bars represent 20 mm.We consider this latter hypothesis less likely given the touch-
insensitive phenotype of mec-12(e1605) animals. e1605 is
a recessive, missense allele that produces touch insensitivity
without disrupting the 15-protofilament microtubules in the
TRNs [15]. mec-12(e1605) mutants immunostained normally
for acetylated a-tubulin (Figure 3A), indicating that the microtu-
bules retain wild-type stability. Unlike most mec-12 mutations,
the e1605 allele did not disrupt MEC-2 distribution (Figure 3B;
Figure S3). Another mec-12 mutation, u50, which has the iden-
tical molecular defect as mec-12(e1605) (see Experimental
Procedures) and similarly did not disrupt the large-diameter
microtubules [15], also failed to affect MEC-2 distribution
(unpublished data). These mutations were the only mec-7 or
mec-12 alleles tested that did not affect MEC-2 distribution.
In addition, mec-12(e1605) animals had no demonstrable
defects in TRN protein expression (Figure 3C and unpublished
data). Because the e1605 animals are completely touch insen-
sitive, these mutations provide additional evidence separating
the mechanosensory role of the microtubules from their func-
tions in protein transport and production.
Electrophysiology of Tubulin Mutants
Touching animals produces a very rapid mechanoreceptor
current (MRC) in TRNs that is reduced but not abolished in
animals with the mec-7(u142) null mutation [9]. The presence
of an MRC in these mutants indicates that 15-protofilament
microtubules are not essential for channel gating.
To better characterize the mechanosensory phenotype
produced by the e1605 mutation, we recorded MRCs in TRNs
from e1605 and mec-12(e1607) mutants and compared them
to those in wild-type and mec-7(u142) animals [9] (Figure 4A).
The average peak MRC amplitude in mec-12(e1605) animals
was approximately one-fourth the size of MRCs in control
animals (Figure 4B), indicating that wild-type microtubules
are essential for optimal transduction. These MRCs, however,
were significantly larger than those observed in mec-7 and
mec-12 loss-of-function mutants (Figure 4B). Moreover, the
pressure versus current relationships in wild-type and mec-12
(e1605) animals were essentially identical, whereas in mec-7
(u142) animals, more pressure was required to produce
maximal responses (Figures 4C–4F). Because the mec-7 and
mec-12 loss-of-function mutations produce defects in protein
localization and production (Figures 1 and 3 and unpublished
data), disrupting these processes likely contributes to the
more severe phenotype in these animals.
Additionally, the time constant of adaptation (t2) of MRCs
was significantly shorter in e1605 TRNs (Table S2). A similar
shortening was seen in the mec-7 null animals (Table S2) [9].
(Small response amplitudes precluded accurate determination
of the kinetics of MRCs in mec-12(e1607) animals. We could
not test adaptation in colchicine-treated bus-17 animals
because we have been unable to record from TRNs in adults.)
These results suggest that the microtubules are required to
slow adaptation.
The Role of Microtubules in Mechanosensation
Our data indicate that the 15-protofilament microtubules
have a separable, specific role in mechanosensation. These
microtubules were once hypothesized to function as intracel-
lular tethers to the mechanosensitive channels, but current
evidence suggests that their contribution to mechanotrans-
duction is more indirect [9, 11]. Because the large-diameter
microtubules form interconnected bundles that fill the axonal
processes and interact with the plasma membrane [11, 20],
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Adults Causes Touch Insensitivity but Does Not
Affect Protein Localization or Accumulation
(A) Late colchicine treatment (black bars)
reduces touch sensitivity of bus-17 adults
compared to untreated animals (white bars).
The mean6 SEM is indicated; n = 20. *Difference
from wild-type is statistically significant, p < 0.05.
(B) Coimmunostaining against MEC-2 and anti-
acetylated a-tubulin in ALM neurons 48 hr after
adults were transferred to colchicine-containing
or control plates.
(C) Coimmunostaining against MEC-18 and anti-
acetylated a-tubulin in ALM neurons under
same conditions. Scale bars represent 20 mm.we believe they have a structural role. The microtubules might
make the axon more rigid, allowing the membrane to respond
more to touch and possibly conveying force over a much larger
section of the process [5, 11]. However, the finding that the
mec-12(e1605) animals are touch insensitive, yet have other-
wise functional microtubules that form bundles, argues
against the mere physical presence of the microtubules being
essential for touch sensitivity.
We have suggested another hypothesis [21] based on the
idea that adaptation results from changes in the shape of the
plasma membrane after a touch stimulus. In this model, based
in part on ideas suggested by Kung [22], deformation of the
membrane caused by touch changes the forces in the bilayer
on the touch channel complex, causing it to open. Adaptation
results from the equilibration of the membrane after a touch
has been administered. We envision that the microtubules,
perhaps through the many attachments they appear to make
to the plasma membrane [11, 20], retard this equilibration,
thus allowing the channels to be open longer. Removal or
uncoupling of the microtubules would
lead to faster adaptation (as seen in
Table S2), which would result in smaller
MRCs.
This faster adaptation (calculated as
described in Supplemental Results),
however, accounts for only 12%–14%
of the 75% reduction in peak MRCs
in mec-12(e1605) cells (Figure 4B).
Although e1605 mutants have normal
numbers of channel puncta (Figure S3),
further reduction of MRC amplitude
may be due to fewer channels that can
be activated or inserted in the plasma
membrane. This interpretation is consis-
tent with the similarity of the normalized
current versus pressure relationship in
mec-12(e1605) and in wild-type (Fig-
ure 4F). We attempted to determine the
number of active channels in these
mutants by using noise analysis [9], but
the amplitude of the responses was not
sufficient compared to the background
noise to make estimates of the unitary
current or number of active channels.
Presumably, the mec-12(e1605) mu-
tation causes touch insensitivity by
preventing an appropriate interaction
between the microtubules and another protein. The mutation
produces an H192Y substitution. Because MEC-12 is 93%
identical to pig brain a-tubulin [23], we used the position of
the histidine residue in the structure of dimeric pig brain tubulin
[24] (Figure S4) to suggest possible consequences of the
e1605 mutation. H192 is located near the exterior of the
a-tubulin and likely forms hydrogen bonds with residues in
and directly preceding helix 12. A tyrosine substitution could
alter the normal conformation of this helix, which has been
hypothesized to interact with microtubule-associated proteins
(MAPs) [25]. Such an interaction may be necessary for full
touch sensation. Two MAPs have been implicated in touch
sensitivity: the tau-like protein PTL-1 [26] and the EMAP
protein ELP-1 [27]. The e1605 mutation could disrupt binding
of these or other MAPs, and such disruption may disassociate
the large-diameter microtubules from the plasma membrane.
Our experiments suggest that the 15-protofilament microtu-
bules of theC. elegans TRNs impact touch sensitivity in at least
four ways. First, they are needed for the expression or
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Second, they are required for the transport of at least some
mechanosensory channel subunits in the TRN processes.
Third, the microtubules slow the adaptation rate of the
transduction channel, producing a larger current. Finally,
wild-type microtubules are needed for full activation of the
transduction channel, perhaps via indirect interactions or by
attachments to the plasma membrane.
Experimental Procedures
Generation, Growth, and Maintenance of Nematode Strains
C. elegans strains were cultured at 20C as previously described [28]. Isola-
tion and initial characterization of mec-7 and mec-12 mutants have been
described previously [5, 7, 8, 15, 29]. Defects in previously unreported
mec-12 alleles are found in the Supplemental Experimental Procedures.
All the protein-coding sequences involved in this work were verified by
PCR-based sequencing [14] at GeneWiz, Inc. (North Brunswick, NJ).
bus-17(e2800) animals [16] were a gift from Jonathan Hodgkin.
Figure 3. The mec-12(e1605) Mutation Does Not Affect Microtubule Forma-
tion, Protein Distribution, or Protein Levels
Immunostaining against (A) acetylated a-tubulin, (B) MEC-2, and (C) MEC-
18 in ALM neurons of wild-type, mec-12(e1607), and mec-12(e1605) adult
animals. Scale bars represent 20 mm.Colchicine Treatment
The effects of colchicine on C. elegans touch sensitivity were tested by
growing animals for multiple generations on standard NMG agar plates
[28] containing 1 mM colchicine [6]. To assess the effects of colchicine
on microtubules in mature TRNs, we placed young adult wild-type and
bus-17 animals on colchicine plates and observed them for several days.
Immunochemistry
Whole-mount immunochemistry was carried out as described previously
[29]. Description of antibodies and dilutions used are included in the Supple-
mental Experimental Procedures.
Microscopy
For fluorescence microscopy, animals were anesthetized with 0.3 M 2-3 bu-
tanedione monoxime in 10 mM HEPES (M. Goodman and M.C., unpublished
data) and observed with a Zeiss Axiophot microscope. Images for Figures 1,
2, 3A, and 3B and Figures S1 and S2 were taken with a Plan NEOFLUAR 403
objective; images for Figure 3C were taken with Plan-APOCHROMAT 633
objective. All images were taken with a Diagnostic Instruments Spot 2
camera at the same settings. To make images clearer for publication, all
images in a set were treated equally to enhance contrast and brightness.
Reported observations were made on at least 20 animals per mutation or
condition.
Touch Sensitivity
Touch sensitivity of worms was tested by stroking the animals with an
eyebrow hair attached to a toothpick [5]. Wild-type animals respond to
touches to the anterior body by moving backward and to posterior touches
by accelerating forward. Each animal was tested 10 times by alternately
touching the anterior and posterior; each strain and/or condition was tested
blindly.
In Vivo Electrical Recordings
Electrophysiological recordings from stimulated PLM TRNs were generated
and analyzed as described previously [9]. Composition of solutions are
included in the Supplemental Experimental Procedures. Previously pub-
lished MRC data from wild-type and mec-7(u142) animals expressing
uIs31 as a cell marker [9] are included in this paper. Recordings from
mec-12 alleles were performed with uIs30 as a marker (uIs30, like uIs31,
contains an integrated mec-17::gfp transgene; the two alleles were gener-
ated simultaneously as previously described [9], differing only in location
of chromosomal integration). New MRCs from wild-type animals expressing
uIs30 were recorded and averaged with those of wild-type animals express-
ing uIs31 (inclusive of data from [9]); all features of the electrophysiological
recordings in the two strains were indistinguishable from one another.
Statistical significance between peak MRC amplitudes and time course
measurements was determined with a Student’s t test. Two data sets
were compared at a time, with each set treated as independent from one
another and with unequal variance; p values < 0.05 were deemed statisti-
cally significant. Statistical significance between pressure sensitivity curves
was determined via an F test.
Supplemental Data
Supplemental Data include Supplemental Results and Discussion, Supple-
mental Experimental Procedures, four figures, and two tables and can be
found with this article online at http://www.cell.com/current-biology/
supplemental/S0960-9822(09)01312-8.
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1366Figure 4. Mutations in Tubulin Subunits Reduce
Mechanoreceptor Currents
(A) Representative mechanoreceptor currents
(MRC) traces from stimulated TRNs in wild-type
and tubulin mutant backgrounds.
(B) Comparison of peak MRC amplitudes. The
mean 6 SEM is indicated; the number of animals
tested is given in parentheses above bar. *Differ-
ence from wild-type is statistically significant,
p < 0.05. **Significant difference between puta-
tive null alleles and mec-12(e1605), p < 0.05.
yAverage of data from uIs30 control animals
(this study) and uIs31 control animals [9]. yyData
from [9].
(C–E) Boltzmann curves were fit to normalized
maximum current responses as a function of
stimulus pressure for wild-type and mutant PLM
neurons. Data from different cells are depicted
with different symbols.
(C) Wild-type; new data as well as data from [9]
were included. Best fit parameters were P1/2 =
4.6 6 0.2 nN/mm2, Pslope = 1.7 6 0.08 nN/mm
2,
n = 13.
(D) mec-12(e1605); best fit parameters were
P1/2 = 3.66 0.5 nN/mm
2, Pslope = 1.56 0.4 nN/mm
2,
n = 3.
(E) mec-7(u142) from [9]; best fit parameters were
P1/2 = 10.9 6 0.8 nN/mm
2, Pslope = 3.3 6 0.8 nN/
mm2, n = 3.
(F) The curves are plotted together for compar-
ison. mec-7(u142) is significantly different (p <
0.001) from both wild-type and mec-12(e1605)
according to the F test.References
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